In this article we report recent modeling and design work indicating that mixtures of nanoparticles in liquids can be used as an alternative to conventional optical filters. The major motivation for creating liquid optical filters is that they can be pumped in and out of a system to meet transient needs in an application. To demonstrate the versatility of this new class of filters, we present the design of nanofluids for use as long-pass, short-pass, and bandpass optical filters using a simple Monte Carlo optimization procedure. With relatively simple mixtures, we achieve filters with <15% mean-squared deviation in transmittance from conventional filters. We also discuss the current commercial feasibility of nanofluid-based optical filters by including an estimation of today's off-the-shelf cost of the materials. While the limited availability of quality commercial nanoparticles makes it hard to compete with conventional filters, new synthesis methods and economies of scale could enable nanofluid-based optical filters in the near future. As such, this study lays the groundwork for creating a new class of selective optical filters for a wide range of applications, namely communications, electronics, optical sensors, lighting, photography, medicine, and many more.
Introduction
Optical filters are used in a myriad of applications: communications, sensing, lighting, photography, and energy harvesting [1, 2] . Today's optical filters are generally fabricated with some form of deposition onto solid substrates or by adding absorbing materials to transparent solids such as glasses and plastics [1, 3] . This article introduces the idea of creating liquid-based optical filters using nanoparticles as the tuning vector. Such filters could potentially be pumped into and out of a system, enabling them to meet transient needs in an application. At the moment, however, liquid filters remain a relatively untapped area of research. To date, only a few "pure" fluid filters with tolerable optical properties have been studied [4, 5] .
The present work takes advantage of recent advances in nanofabrication techniques-including fabrication of nanosized particles-which have enabled a step change in the range of "nanoscale" products available [6, 7] . We demonstrate herein that, by dispersing specifically engineered nanosized particles into liquids, it is possible to achieve the same level of control-in a liquid-as has been achieved for traditional solid filters. This article will describe the process for designing liquid filters that are appropriate for a wide variety of optical filtering applications. The motivation for the proposed particle suspension-based optical filters is that they can potentially provide more control than solid filters. Some advantages of the approach are that (a) particles can be mixed, matched, and changed to suit the application, (b) particle suspensions can easily and quickly be pumped out and replaced in a system, and (c) it is possible to dynamically control particle distributions and/or switch optical properties using magnetic/electric fields and/or by altering particle size.
Previous work has indicated that tunable optical properties can be obtained with properly designed dispersions of nanoparticles in conventional base fluids [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . This study will expand on [9] [10] [11] [12] [13] [14] [15] [16] [17] to intentionally design nanofluid mixtures that can be used as selective absorbing fluids that match well with the conventional filters shown in Fig. 1 . Thus, this study will present modeling work that indicates that short-pass, long-pass, and bandpass nanofluidbased filters are all possible. It is noteworthy that this variety is attainable using just one-and twoparticle component mixtures, which we believe demonstrates the versatility of nanofluid filters.
Achieving highly selective filters requires careful design of the following parameters: materials (nanoparticles and fluids), the number of nanoparticle materials to combine in the filter, nanoparticle size, nanoparticle volume fraction, and the geometry of the filter. In this study, the "selectivity" or "success" of the resulting nanofluid filters is determined by calculating the mean-squared deviation from the conventional filters shown in Fig. 1 .
Approach and Assumptions
In order to design these filters, the most important consideration is the choice of materials. To make this choice, we first reviewed the bulk optical properties of many different materials. Optical properties (such as the complex refractive indices) for most pure materials can be found in standard texts-e.g., the handbook edited by Palik [19] . Most materials are not suitable for optical filters as they are characterized by either broad absorption or absorption far away from optical wavelengths. Another requirement for an optical filter is that it must be stable over time. This further limits candidate materials to those that do not react or oxidize. For this reason, most can be eliminated from the pool of candidate materials for optical filters. It should be noted that advances in surface passivation/functionalization can be expected to one day add many more feasible, stable materials [20] [21] [22] . Based on our analysis of all potential candidates, we narrowed down to a short list of potential nanoparticles: noble metals and dielectriccore/noble-metal-shell nanoparticles [23] . Noble metals work well because they show strong absorption over a relatively narrow range of wavelengths due to plasmon resonance. Noble metals are also, by definition, resistant to oxidation and corrosion. This is desirable because the optical properties must be compatible with other materials in the system. Core/ shell nanoparticles, with dielectric cores and noble metal shells, are another good possibility because they have even more pronounced plasmon absorption peaks than pure noble metals. Also, by controlling the ratio of shell-to-core radius, the resonance peak can be shifted considerably (see [23] [24] [25] [26] [27] ). Core/shell particles are also advantageous because they use considerably less metal material. While synthesis of particles is not easy, many researchers have successfully created them via a variety of methods as is shown (below) in Table 1 . A few core/shell particle formulations are even available off-the-shelf (OTS), but because of limited production volumes the cost is high (note that cost and reliability of these filters will be discussed in Section 5).
For optical filtration, we would ideally have our choice of a wide variety of "line" absorbers that achieve highly selective light extinction. Metallic shell/silica core particles were chosen because they approach this ideal with very pronounced plasmon resonance. That is, for certain optical wavelengths, the free electron gas (or plasma) at the surface of the nanoshell strongly absorbs incident photons. Therefore, a narrow band of wavelengths is converted into plasmon waves that spread across the surface. These "surface plasmons" are collective charge oscillations that occur at the interface between the shell (a conductor) and the core (a dielectric). The wavelengthor natural resonant frequency-at which this occurs is determined by parameters such as the particle's size, shape, shell thickness, and bulk optical properties of the materials involved [37] . Core/shell nanoparticles can then be tuned to achieve the desired optical properties by changing the above-mentioned parameters.
Depending on the application, any number of particles can theoretically be selected and combined into a filter. A key point that must be considered is that, when particles are mixed with a liquid, the liquid will also absorb light. Water and various organic liquids are effectively transparent at wavelengths longer than 0.3 μm and shorter than 1.5 μm but can be highly absorbing outside that range.
Nanoparticles with outer diameters in the 20-50 nm range were chosen to ensure the particles will follow the flow and not cause damage to pumps or plumbing. For reasonably thin nanofluid-based filters (i.e., 0.1 mm), the particle volume fraction required for effective absorption is in the range of 0%-0.01% [14] . For a relatively thick volumetric [18] . absorber (i.e., 100 mm), only low-volume fractions of particles (<1 × 10 −7 %) are needed for sufficient absorption.
A. Absorption and Scattering Calculations
After the materials are selected, the next step is to modify the bulk properties based on particle and/or shell size. The Drude-Lorentz model is used to make these modifications, which has been demonstrated numerically [38] and confirmed experimentally for metallic nanoparticles [39] . This classical model assumes that electrons are harmonically bound to the nucleus and the following expression can be used [40] [41] [42] :
where εω exp is the bulk complex dielectric constant (from handbook data), ω p is the bulk plasmon frequency, ω is the variable electromagnetic wave frequency, and γ bulk is the relaxation frequency of the bulk metal. The small particle modification term, γl eff , is defined as [43, 44] γl eff 1
In this equation, τ o is the bulk metal free electron scattering time, A is geometric parameter we assume to be 1 [38] , V f is the Fermi velocity (where an experimental value of the order of V f ∼ 10 6 m∕s is used [45] ), and D is the particle diameter that (when appropriate) is used as the effective mean free path. The reason for taking this extra step is that room temperature metals can have electron mean free paths (the average distance an electron goes between two scattering events) of the order of the diameter of the nanoparticles. For example, copper and silver have electron mean free paths around 50 nm [46] . Thus, Eqs. (1) and (2) were used to modify the bulk properties to account for small sized particles.
To model core/shell nanoparticles, we used the quasi-static approach given in [42] . This assumption is valid if particles are much smaller than the wavelength of light and if the incident light flux does not vary over the particle diameter. Both of these conditions are easily satisfied with nanoparticles. Once the dielectric constants and refractive indices are known, we can calculate optical coefficients. As long as the particles are small and far apart, we can assume that the particles are independent of each other. This assumption is valid for the low-volume fractions used herein and allows for the Rayleigh approximation to be made (see [10] ). In this regime it is relatively straightforward to use the approach of [42, 47] to calculate the scattering, Q scat i , absorption, Q abs i , and extinction, Q ext i , efficiencies of individual particles. The challenging step in this approach is to select potential nanoparticle options based on optical properties from the library of candidate materials. Figure 2 shows a small subset (which spans the optical spectrum), demonstrating the variety of b Silica core (using the Stöber method) and small, 1-3 nm metal particles are fabricated separately (see [36] ). These small particles are attached to the core via linkers. Uniform shells are grown using these as nucleation sites.
nanoparticle options that were found using this theoretical approach.
B. Optimization
Above, we identified the absorption and scattering of individual particles. To achieve the desired filters, we need to determine the correct nanoparticles recipe to be used-i.e., how much of each nanoparticle material to add to the liquid filter. Using the Rayleigh approximation, it is possible to simply add up the extinction coefficient of all nanoparticles. Thus, we can calculate the extinction coefficient of each component particle based on the volume fraction, f v , of the particle by the following equation [47] :
By the same logic, we propose that the contributions of all particles in the system can be summed to get a total extinction coefficient from N particles:
It should be noted that the base fluid can contribute to the extinction of light as it passes through a nanofluid. As a first-order approximation, we assume the total nanofluid extinction coefficient is a simple addition of the base fluid extinction coefficient and that of the particles:
This assumption has been validated experimentally for low-volume fractions in water (see [14] ). Although other approaches to calculate how much light is transmitted through the filter are possible (e.g., [48] ), assuming a nonscattering liquid base fluid, we use Beer's law [47] ,
where T is the transmittance, I is the transmitted irradiation, I o is the incident irradiation, and L is the length of the light path in the filter. It should be stated that the transmittance calculated includes scattering. These are not differentiated, but the extinction is mostly due to absorption (Q abs i :Q scat i ∼ 10:1) in the modeling in this study. However, if desirable, it is possible to create a nanofluid filter that is highly scattering. That is, selected wavelengths of the incident light can, theoretically, be scattering away from the propagation direction, but this is outside the scope of this work. To determine the effectiveness of these filters, where ζj0 ≤ ζ ≤ 1, the following simple integral for mean-squared deviation is used:
where T is the transmittance and λ is the wavelength. Equation (7) is simply the mean-squared deviation from the conventional filter (normalized over the wavelength range). Thus, this becomes our objective function for filter optimization. A simple Monte Carlo approach is used to randomly generate volume fraction combinations (over a range of assumed values). For each filter design, these random results are then sorted by applying Eq. (7) to find the maximum filter effectiveness.
Results
By optimizing mixtures of the nanoparticles via the effectiveness given in Eq. (7), it is possible to obtain nanofluid filters that approach conventional filters. is shown on the right y axis. In Figs. 3-5 , the solid curves represent filters (corresponding to the left y axis) and dotted curves represent particles (corresponding to the right y axis). It can be seen in Fig. 3 that it is possible to achieve roughly the same transmission as the commercial long-pass filter with a two-nanoparticle nanofluid. It is expected that, with more complicated nanoparticle combinations (<2 nanoparticle types), sharper filtration bands would be possible. Figures 4 and 5 show that effective bandpass and short-pass filter designs are also possible through the use of engineered nanofluids. As might be anticipated, the bandpass filter was hardest to match, achieving an effectiveness of only 85%. Overall, a reasonably good match with conventional filters can be achieved. Table 2 summarizes the nanoparticle volume fractions and effectiveness of the filters achieved in this study. It can be seen in Table 2 that, in these designs, the highest nanoparticle volume fraction is actually quite low; f v is 5.1 × 10 −4 or 0.05% volume of particles per volume of liquid. This means very few nanoparticles are needed to create these filters.
Discussion
While the theoretical model predicts relatively good results, novel nanofluid filters are far from being commercially viable. In practice, the filters shown in Table 2 are difficult to obtain. The following fabrication challenges must be overcome (or in some way bypassed) in order to fabricate nanofluid optical filters:
i. Tight size distribution tolerances (in shell thickness and polydispersity).
ii. Small nanoshells (<50 nm, dielectric core, metal shell).
iii. Thin, uniform shell coatings. iv. Long lifetime/stability/noncoagulating. v. Low U.S. dollars∕m 2 nanoparticle synthesis methods.
Significant research work has already gone into addressing each of these challenges [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] for nanoparticles in general. Only a brief discussion of these limitations is presented here, but the interested reader can refer to the works cited in the proceeding discussion and tables.
A. Tight Size Distribution Tolerances
This article highlights the fact that small deviations in the ratio of the outer diameter to the inner diameter give rise to tunable optical filtration. This same phenomenon, unfortunately, also presents a huge challenge. In the model above, the particles were assumed to be uniform in terms of both outer diameter and shell thickness. For effective filtration there is little tolerance for distributions in either of these dimensions. Figure 2 shows that changing a gold nanoshell from having dimensions of 40 nm core∕4 nm shell to 50 nm core∕2 nm shell will shift the peak absorption by approximately 600 nm, all other parameters being equal. Thus, a tolerance of <1 nm in shell thickness and <1% in the core/shell radius ratio may be required in some cases to achieve the filters presented in Table 2 . In reality, there will be some distribution of particle sizes, even in a stable suspension since the nanoparticles cannot be made to be entirely monodisperse. Size distributions can be accounted for by adding a probability density function into the extinction coefficient calculated in Eq. (3), see Averitt et al. who assume an 18%-20% deviation from the mean size [63] . This serves to broaden the peaks shown in Fig. 2. 
B. Small Nanoshells
A literature review of gold nanoshells revealed that, to date, the smallest achievable particles are of the order of 60 nm. Comparing Table 1 with Table 2 reveals that very little of the literature reports small cores and/or thin shells (<10 nm), which are needed for the materials used in this study. The most common method for making silica cores utilizes the Stöber process [64] to obtain a monosized distribution of particles. This relatively simple chemical process is used to precipitate nanoparticles from a mixture of reactants and is generally limited to particle sizes >50 nm, which are larger than the particles needed. Since the goal of this study is to create an absorbing filter, smaller particles are desired. [18] ) to a nanofluid short-pass filter (water as the base fluid). Solid and long dashed-dotted curves represent filter transmittance and correspond to the left axis, while dashed and dotted curves correspond to the right axis. This is needed since scattering is proportional to diameter to the fourth power, while absorption is linearly related to diameter (in the Rayleigh limit).
Small particles of a single material (i.e., pure Au), on the other hand, can easily be obtained and match well with theory. There are a number of suppliers for OTS nanoparticles, such as those used in Figs. 6A and 6C. On the other hand, the small core/shell particles needed in Table 2 are not yet widely reported in research or available OTS. To test optical properties of state-of-the-art commercially available nanoparticles, some custom gold nanoshells (∼120 nm outside diameter) were purchased from NanoComposix (USA) [65] . The shell thickness 12 particles∕mL and (D) a PVP stabilized aqueous suspension of gold/silica nanoparticles of image (B) at 5.9 × 10 9 particles∕mL. Note that particles were purchased from NanoComposix [68] .
was quoted from the manufacturer to be ∼25 nm, which is in line with many of the results reported in the literature. The results for these particles, however, were not acceptable for the filters shown in Table 2 . While the transmission electron microscopy (TEM) images of Fig. 6D show the particle size as being relatively uniform, this changes when the particles are dispersed in water. When aqueous samples are tested with a NanoSight LM10 HS [66] , we observed larger particles than the manufactured stated mean value with standard deviation nearing the mean diameter. These changes broaden the absorption peak and ultimately do not provide the line absorbers shown in Fig. 2 . The results for these particles, therefore, were not deemed acceptable for the filters shown in Table 2 .
C. Thin, Uniform Shells
The most commonly reported synthesis process for gold nanoshells requires small, 1-3 nm, gold "seed" particles to be attached to the core. These then serve as nucleation sites for shell growth. In this fabrication method it is important to grow the nucleation sites until the shell coats the entire core, which leads to larger thicknesses than the seed particles. Obtaining very thin shells is possible with this approach (see [67] ), but an additional controlled subtractive step might be needed to obtain the thin shells used in Table 2 .
Figures 6A and 6B show some characteristic TEM images of OTS nanoparticles from NanoComposix [68] , while Figs. 6C and 6D show modeled and experimental results that we obtained in this research.
(Note that the image shows nanoparticles at a considerably higher density than that at which they were tested once in fluid suspension.) While the TEM images of Fig. 6 show the particle size as being relatively uniform, the thin shells are generally very rough as is shown in the TEM of Fig. 6B . In addition, the core/shell nanoparticles tested in Fig. 6D did not match with models. The results for these particles, again, were not deemed acceptable for the filters shown in Table 2 .
D. Long Lifetime/Stability
For reliable operation, nanoparticles must maintain their size for time scales of the order of years. Many approaches have been used to obtain stable colloidal suspensions [69] [70] [71] . Surfactants are probably the most commonly used method in the literature, and some of them have been shown to have little effect on nanofluid optical properties [14] . However, minor changes in surface chemistry, or size through particle agglomeration, could significantly change the optical properties. For example, particles functionalized with polyvinylpyridine (PVP) have been found to significantly suppress (and redshift) plasmon resonance in core/shell particles with thin shells due to dielectric screening [67] .
While colloidal stability over time is a well-studied phenomenon, the optical filters proposed herein require some unique considerations. The selected core/ shell nanoparticle fabrication techniques of Table 1 reported stable suspensions, but little information is given as to how stable these may be in an application. Thermal cycling (via absorption of light), exposure to intense light, compatibility of different nanoparticles types, and other factors can potentially destroy what was otherwise a stable nanofluid.
Since these filters absorb a significant portion of the light, we presume that the nanofluid filters (depending on the light's intensity) will undergo some amount of thermal cycling during usage. Thus, to investigate thermal stability, accelerated conditions in an experiment where the samples were repeatedly heated to 85°C was used to investigate this effect. Figure 7 shows the results of this test for up to 200 cycles for aqueous gold nanoparticle samples stabilized with PVP. It was found that, on average, the samples used in this study provided good stability during these thermal cycling tests. Note here that the effect of thermal cycling on the nanofluid stability is not frequently reported in the literature.
E. Cost Competitive
Currently, the types of nanoparticles which could potentially be used for these filters widely varycosting between 288∕g (gold nanopowder from Sigma Aldrich) and 32; 000∕g (custom made NanoXact silica/gold nanoshells from [65] ) for OTS products. (Note that all dollar amounts are given in U.S. dollars.) Since the average price for gold bullion in 2013 was ∼55∕g, the majority of the cost is associated with producing nanoscale material. To estimate today's cost, we assume that these two prices apply for pure nanoparticles (288∕g) and nanoshells (32; 000∕g), respectively. Since some of the particles needed for this filter are not currently available, these are merely rough estimates. To conservatively estimate the lowest potential future cost for these filters, a second (bracketed) cost is given in Table 2 . For this case, we assume that total filter cost will be 10 times the cost of the raw materials needed to produce them; e.g., if 1 g of gold is needed, it would cost 550. Either way, the nanofluid filters usually provide a lower-cost option than conventional solid filters. 
Conclusions and Future Work
In this study we presented a first look at nanofluidbased filters that perform in optical wavelengths. As a case study, this research demonstrates that these filters provide an excellent platform to be employed in many applications. A big advantage of liquid filters is that they can potentially be controlled dynamically with pumps, magnetic/electric fields, or temperature. Based on the optimization results of this study, we can conclude that nanofluid optical filters can potentially be produced at relatively low cost. This is because, at most, only 0.001% particle volume fraction is required to achieve the designs presented herein. Also, for the core/shell nanoparticles used in this study, only a small fraction of each particle is a metal, while the majority is made of low-cost silica. Thus, the nanoparticles themselves can theoretically be fabricated at relatively low cost with less expensive synthesis methods. Since the average 2013 price for gold bullion is ∼55∕g, the prices charged by commercial nanoparticle suppliers are mainly due to nanoscale fabrication cost. However, researchers around the world are improving and developing many new nanofabrication techniques each year. Thus, while the tight control of particle size and shell thickness needed for our designs are not currently commercially available, this might be expected in the near future. Overall, this study shows that, with further optimization, nanofluid-based filters can provide a viable alternative to conventional optical filters. The goal of this study was to demonstrate the versatility and explore the feasibility of these filters, but through this, several other potential avenues for future work have been identified: (i) addition of more nanoparticle types to improve the effectiveness of the filters, (ii) experimental studies to validate the modeled optical properties, (iii) fine tuning for other optical applications such as lasing [72] , photoacoustic imaging [73] , and cancer treatments [74] , and (iv) economic optimization to determine the real price of fabrication of the nanofluid-based filters and the relative value versus conventional filters in application. R. A. T., E. R. H., and G. R. gratefully acknowledge the support of the ASI 2-A017 and the UNSW ECR program. T. P. O. gratefully acknowledges support from NSF grant CBET-1262201.
